, S. Kumar (2) , G. Anandsekaran (1) , J.K. Chaudhury (3) , M. Meraj (1) , R.K. Singh (1) , M.R. Verma (1) , D. Kumar (1) , N. Kumar P.T. (1) , S. Ahmed Lone (1) , V. Mishra (1) , B.S. Mohanty (1) , N. Korade (1) & U.K. De (4) Introduction Peste des petits ruminants (PPR) is an acute contagious disease affecting goat and sheep populations in the Indian subcontinent (1) . Morbidity and mortality rates vary, but have been reported to be as high as 100% in goats and 90% in sheep (2) . In a study based on official Government of India reports for a 15-year period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , it was reported that PPR accounted for up to one-third of the disease incidence (32.3%) in goats in India and two-fifths of their deaths (41.5%) from all diseases (3) . At present, PPR outbreaks are reported regularly and the disease is considered endemic in many parts of Asia, the Middle East and Africa (4) .
From an economic perspective, disease control should involve optimising resources at the farm level, as well as the national level, since resources are scarce and have alternative uses. An estimation of the economic impact of the disease is needed for an economic analysis to optimise resource allocation (5) . Such estimations provide a description of the actual situation and allow us to explore the balance between production losses and control costs, so that we can identify areas in which losses can be avoided by reducing the risk of disease. The available literature documenting the economic impact caused by PPR within the Indian context is scarce.
Singh et al. (6) estimated the economic losses due to PPR in India at US $0.25 million/year, using official data on the incidence and number of deaths. This estimate would appear to be too low and reflects the under-reporting of animal disease. Each year, the Department of Dairying, Animal Husbandry and Fisheries of the Government of India reports the annual number of cases and deaths due to major livestock diseases in the various states of India. In the case of PPR, combined data are reported on the incidence of PPR and the number of deaths in ovines and caprines. Based on the last five-year data sets (between 2011 and 2015), average estimated morbidity and mortality rates are very low, ranging between 0.0003% and 0.001% for morbidity and 0.002% and 0.07% for mortality in different states.
The authors also used surveys to estimate losses due to PPR, and this figure was approximately US $1.338 million/year. The more refined estimate is probably closer to the reality of PPR in India, but is not based on pan-India morbidity and mortality rates. Therefore, an all-India study is needed to determine the annual incidence rate of PPR, estimate the economic losses caused by the disease and fill the gaps in our knowledge. Such a study would ideally take into account the uncertainty of the epidemiological and economic parameters, both in time and across the different geographical regions of India.
The present study will address the identified gaps. The authors have the specific objective of assessing the morbidity and mortality patterns of PPR in small ruminant populations in different agro-climatic regions in India, in order to estimate the economic losses caused by this disease.
Materials and methods
The study was planned according to the overall framework given by Rushton et al. (7) to assess the impact of livestock diseases. The study was conducted at the farm level and the target groups were owners of small ruminants in India.
As there is under-reporting in the official data, the authors relied upon primary data collected on the farm in the major agro-climatic regions of the country. Simple mathematical models were used to assess the economic impact of PPR and stochastic analysis of these economic losses was then carried out.
Sampling
Primary data were collected using a household survey in 12 of the 15 different Indian agro-climatic regions (as identified by the Planning Commission of India). The study was restricted to mainland India, so the island region was not covered. The Eastern Coastal Plains and Hills region and the Western Coastal Plains and Ghats region are two thin strips of land on either side of the coast in the lower part of India. These two regions have very low densities of sheep and goats, and so were not covered in the survey.
A stratified multi-stage sampling technique was used to select the households (the ultimate sampling unit). For each agro-climatic zone, the state with the largest population of small ruminants was selected. Uttar Pradesh, the largest Indian state in terms of geographical area, covers three agro-climatic zones. Two districts were selected from each agro-climatic zone in each selected state. One of these districts was the one with the largest population of sheep and goats; the other was selected randomly (see Table I ). Two blocks were selected within each district, and three villages were randomly selected from each block. From each village, 20 households, with at least one goat or sheep, were interviewed. A total of 1,280 households and 54,803 small ruminants were included in the survey (see Table II for further details).
Data
Data were collected on the epidemiological and economic parameters of PPR using indirect visual surveillance (8) and participatory disease surveillance (9, 10, 11, 12) . Focused group discussions were held at village level to understand how farmers identified the various diseases that affected their animals, and to rank these diseases in order of importance. The researchers contacted the local Government Veterinary Officer in each of the administrative blocks where the survey was being carried out, to explain the objectives of the survey and focus groups. The Veterinary Officer then nominated several farmers for the focus group, based on his or her information about reports of disease outbreaks among small ruminants in the selected villages. In addition, a few members of the focus group were randomly selected by the group moderator/interviewer. Ten members in total formed the focus group for each selected block.
Each household selected for the sample was surveyed to collect detailed information using a questionnaire, supported by a disease identification checklist based on clinical symptoms and photographs. The questionnaire was divided into five sections. The first section asked for a description of the sample household and its characteristics. The second section covered the household' s livestock holding and details of breedable animals (small ruminants). The third section dealt with the details of live animals, their produce and sales (yield, uses, amount of produce or number of livestock sold, sale price of produce and livestock). The fourth section covered animal health management and details of any PPR-infected animals (species, sex, age). The fifth section dealt with the effects of the disease (mortality and morbidity) and contained questions on the market value of the animal, disease duration, decreases in milk/ wool production, loss of body weight, abortion, increased inter-kidding/lambing period, the price of any new-born animals, and the costs of treatment and vaccination. The questionnaire was comprehensive and pre-tested. Data were collected between January and December 2015.
Estimation of losses due to peste des petits ruminants
The total economic losses due to PPR were worked out as the sum of morbidity and mortality losses and treatment costs. The components of losses due to PPR in sheep and goats are summarised in Table III . The methodology for sheep and goats is as follows.
The total economic loss (T L ) due to PPR in goats is worked out as the sum of (A) mortality loss, (B) direct loss in milk yield, (C) losses due to reproductive failure, (D) loss in body weight and (E) the costs of treatment for affected goats. In the case of sheep, the total economic loss (T L ) due to PPR is worked out as the sum of (A) mortality loss, (B) direct loss in wool yield, (C) losses due to reproductive failure, (D) loss in body weight and (E) the costs of treatment for affected sheep.
Thus, the total economic loss in either sheep or goats is expressed as:
Loss from mortality
This was worked out as the product of the number of animals that died due to PPR (D A : more than 12 months of age; D Y : between 6 to 12 months; and D K/L : below 6 months of age), and the probable market value (P A , P Y , and P K/L , respectively) of the animal. Mortality losses were categorised by age group because earlier studies have reported significant differences in deaths according to age (5, 6) .
Value of direct loss through reduction in milk yield (goats)
When examining direct losses due to PPR in goats per year, these losses were expressed in terms of the reduction in milk yield. Using the price of the milk, these losses could be directly converted into monetary terms. The loss due to a direct decline in milk production (which is not regained when the animal recovers) was calculated using the formula:
Value of direct loss through reduction in wool yield (sheep)
When examining losses in sheep of shearing age per year, these losses were expressed in terms of reduced wool yield. The price of wool can also be directly converted into monetary terms. The fall in wool production in diseased sheep is never regained, and thus constitutes a significant form of loss. The loss caused by the direct decline in wool yield is estimated using the formula:
Losses due to reproductive failure
Goats:
C 1 : losses due to increased abortions.
C 11 : milk loss due to increased abortions.
Peste des petits ruminants can cause abortions, particularly in late pregnancy, and, in addition to the loss of kids, leads to an increased inter-kidding period. Assuming abortion occurs at around 3.5 months from conception, and there is a delay of six months until the next conception, the inter-kidding period is increased by 9.5 months in animals which abort. The milk loss due to increased abortions was estimated from the following equation. The reduction in the number of kids, due to an increased number of abortions in goats after infection, caused a loss in live body weight, which was estimated by the formula:
C 2 : losses due to increased inter-kidding interval.
C 21 : milk loss due to increase of inter-kidding interval.
Non-conception as a result of disease increases the interkidding period and thus fewer goats will be in milk at any given time, and milk output is reduced. The loss of milk was calculated by the reduction in lactating goats in any year multiplied by the average milk yield per in-milk goat per year and by the price, M.
C 22 : cost of loss in live weight, due to increased interkidding interval.
The reduction in the number of kids, due to the increased inter-kidding period after infection, caused a loss in live body weight. Such losses were obtained by the formula:
C 1 : loss in body weight due to increase in abortions.
A reduction in the number of lambs born, due to the increase in abortions, causes a loss in live body weight. Such losses are estimated by the formula:
loss in body weight due to increased inter-lambing period.
Fewer lambs born due to an increased inter-lambing period after infection causes a loss in body weight. Such losses are estimated by the formula:
Loss in body weight
The direct loss due to the reduction in body weight is estimated by the formula:
The original models were deterministic, based upon single values of various epidemiological and economic parameters.
To take account of variation and uncertainty, a stochastic simulation model was developed to determine variations in the economic losses (13) . Simulation runs were carried out, based on 2,000 iterations. The output from these iterations was used to develop probability distributions of expected economic losses due to PPR in India.
A sensitivity analysis was also carried out, to ascertain the parameters to which the estimates of economic loss were most sensitive. Economic losses were calculated with all parameters set to their mean, except for one parameter. For this parameter, the maximum and minimum values were taken separately and the new value of economic loss computed. This exercise was repeated for all the parameters.
Results and discussion

Morbidity and mortality rates of peste des petits ruminants
Considering all the categories and sub-categories of small ruminants, the overall annual morbidity and mortality rates in India have been estimated from this sample as 8% and 3.45%, respectively ( Fig. 1 ). In areas in South Asia in which outbreaks have occurred, very high morbidity and mortality rates of between 35% and 60% have been reported in individual flocks (14, 15) . However, in endemic areas, it is understood that morbidity and mortality are comparatively low (8) . From the samples in this study, the morbidity and mortality rates for goats (11.51% and 4.36%, respectively) were significantly higher than those for sheep (5.35% and 2.77%, respectively). Earlier studies had also reported a more pronounced severity of the disease in goats than in sheep (2, 16, 17, 18) . The case fatality rate, on the other hand, was higher in sheep (51.89%) than in goats (37.83%) ( Fig. 2 ), indicating that, although goats are more susceptible to PPR infection, the pathogenicity of the disease is greater in sheep. These observations need to be further supported by controlled trials. Goats accounted for a higher proportion of morbidity and mortality (61.88% and 54.20%, respectively) due to PPR than sheep (38.12% and 45.8%, respectively) (Table IV) (Figs 3a and 3b).
The incidence rates may vary across age group, sex, season and region, as well as species. Morbidity rates (15.52% for goats and 9.69% for sheep) were highest in kids and lambs, followed by young animals (10.78% for goats and 7.15% for sheep) (Figs 4a and 4b). Mortality rates (8.16% for goats and 9.1% for sheep) were also highest in kids and lambs, followed by young animals (2.08% and 2.66%, respectively, for goats and sheep). Case fatality rates were also highest in kids and lambs (52.56% for goats and 93.91% for sheep) (Fig. 5 ). This indicates that susceptibility to PPR and pathogenicity differs across species, and age group within species, with the most susceptible animals being kids and young goats. Although morbidity rates were lowest among adult animals, this age group accounted for the highest proportion of PPR cases (41.45% and 39.77%, respectively, for goats and sheep), followed by kids (34.33%) and young goats (24.19%), and lambs (31.28%) and young sheep (28.95%) ( Table V) (Figs 6a and 6b ). However, looking at all age groups, mortalities due to PPR were highest in kids and lambs (57.99% and 57.18%, respectively) (Figs 7a and 7b).
In goats, morbidity and mortality rates were higher in males (16.02% and 5.89%, respectively) than in females (7.97% and 2.11%, respectively) (Fig. 8a) . In sheep, morbidity and (Fig. 8b) .
In both species, however, case fatality ratios were higher for males (36.8% in goats and 53.94% in sheep) than for females (26.41% in goats and 50.6% in sheep) (Fig. 9 ).
In the case of sheep, females accounted for a significantly higher share of morbidities and mortalities due to PPR (76.91% and 75.75%, respectively) than males (23.11% and 24.28%, respectively) (Table VI) (Figs 10a and 10b) . In goats, while there was a higher incidence of disease among females (54.69%) than among males (45.3%), more mortalities were observed in males (53.55%) than in females (46.45%) (Figs 11a and 11b ).
Peste des petits ruminants was reported mostly during the winter (from November to February) and the rainy season (July to October). Among goats, the morbidity and mortality rates were highest in the rainy season (6.21% and 2.19%, respectively), followed by those in the winter season (3.97% and 0.95%, respectively) (Fig. 12a) . Among sheep, the morbidity and mortality rates were highest in the winter (3.22% and 1.92%, respectively), followed by the rainy season (1.99% and 0.76%, respectively) (Fig. 12b) .
Indeed, the rainy season accounted for the highest number of cases and deaths due to PPR in goats (60.18% and 68.18%, respectively), followed by the winter season (38.44% and 29.61%, of cases and deaths, respectively) (Figs 13a and 13b) . On the other hand, the highest Figures 15a and 15b show the differing PPR morbidity and mortality rates in goats and sheep for the various agro-climatic regions in India. The highest morbidity and mortality rates were observed on the Lower Gangetic Plains and in the Eastern Plateau and Hills zone. On the Lower Gangetic Plains, morbidity and mortality rates were higher for goats (39.73% and 31.45%, respectively) than for sheep (34.92% and 24.6%, respectively). The same was also true in the Eastern Plateau and Hills region -morbidity and mortality rates were higher in goats (36.59% and 10.48%, respectively) than in sheep (14.72% and 2.86%, respectively).
Apart from these two regions, high morbidity and mortality rates were also observed in goats in the Western Dry Region (11.16% and 10.98%, respectively), Western Himalayan region (11.91% and 1.56%, respectively), Southern Plateau and Hills region (10.22% and 2.01%, respectively), and Western Plateau and Hills region (9.98% and 1.65%, respectively).
In the case of sheep, apart from on the Lower Gangetic Plains and in the Eastern Plateau and Hills region, high morbidity and mortality rates were observed in the Gujarat Plains and Hills region (8.76% and 6.79%, respectively), Southern Plateau and Hills region (4.82% and 0.68%, respectively), and in the Western Plateau and Hills region (4.18% and 0.72%, respectively).
The Eastern Plateau and Hills region, Lower Gangetic Plains, Western Himalayan Region and Gujarat Plains and Hills region accounted for the major proportion of the total number of PPR cases and deaths among goats in India (Table VII) (Figs 16a and 16b ). About 30% of the total morbidities were in the Eastern Plateau and Hills region, Nadu, representing the Southern Plateau and Hills region (10.69% and 17.09%, respectively). These figures are in line with the proportional morbidity and mortality obtained in this study, specifically for the Lower Gangetic Plains, Gujarat Plains and Hills region, Southern Plateau and Hills region, Western Dry Region and Trans-Gangetic Region. The figures on proportional morbidity and mortality obtained from the sample survey carried out in this study diverge from those in the official data, reported by the Government of India, in the cases of Odisha (Eastern Plateau and Hills region) and Jammu and Kashmir (the Western Himalayan Region). While Odisha accounted for the highest incidence of PPR, as in the sample survey data, only 2.64% of morbidities in India were reported from this state in the official figures. In the 
Economic losses due to peste des petits ruminants in India
Data analysis generated economic and epidemiological parameters for PPR in sheep and goats (Tables X and XI) . These were used to estimate the economic losses due to PPR at the farm level in India. Figures 18a and 18b present the proportional contribution of different components of the total loss in goats and sheep, respectively, when the total economic loss was computed using the mean values of the different parameters (a deterministic model). The greatest share of the total economic losses due to PPR were made up of mortalities among sheep and goats (56.41% and 70%, respectively), followed by loss in body weight (about 20% in both sheep and goats).
The deterministic model was converted to a stochastic one, using spreadsheet software (Microsoft Excel), by taking into account the maximum and minimum values of each parameter and its standard errors. India being a vast country, the different epidemiological and economic parameters tend to vary over different regions. The model was run for 2,000 iterations, using the means and standard deviation to generate the parameters on each run. Normal distributions were used for the parameters. The outputs from these iterations were used to generate the probability distribution of the expected annual economic losses due to PPR in India (Fig. 19) . Based upon the minimum and maximum expected economic loss --as obtained from the simulation runs --100 class intervals (each of US $0.16 million) of losses were obtained. The X-axis in the figure represents these class intervals (the range of economic losses) and the Y-axis represents the probabilities for each of these class intervals as obtained from the simulation runs. The expected annual economic loss due to PPR in India ranged between US $2 million and US $1.6 billion. The most likely range of expected economic loss, based upon maximum frequencies for a class interval, was US $653-669 million.
A model sensitivity analysis was carried out to ascertain the parameters to which the estimates of economic loss were most sensitive. The results of this analysis are presented in the form of tornado diagrams in Figures 20a and 20b , for goats and sheep, respectively. The tornado diagram puts the parameters whose uncertainty affects the output of the model (expected economic loss) most severely at the top of the graph (tornado), and those that have the least impact at the bottom. It can be seen from Figure 20a that, in the case of goats, the model output was most strongly influenced by the market value of adult goats, followed by the average body weight, average milk yield, market value of kids and treatment cost. When it came to sheep, the factors most important in influencing the model output were the market values of animals (adult animals, lambs and young animals) and also the average body weight (Fig. 20b ).
Conclusion
The current study has generated information about the economic losses caused by PPR at the farm level in India. The analysis involved determining the incidence, mortality and morbidity rates of PPR across the agro-ecological zones of India, using a survey tool and participatory methods. 
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does not give confirmatory diagnosis of the incidence of disease. However, it is widely acknowledged that, for diseases such as PPR, farmers are well aware of the symptoms associated with these diseases, mostly specific syndromes which usually have fairly descriptive names in the local vernacular. Thus, for a vast country like India, there is considerable scope to use methods like these for collecting data to estimate disease incidence and associated economic parameters. Losses due to mortalities contributed the most to the total economic loss caused by PPR in both sheep and goats, followed by loss in body weight. This study has revealed significant losses due to the incidence of PPR in small ruminants in India. Thus, PPR should be considered an important disease from a policy perspective when it comes to mitigating losses due to disease in livestock. This calls for investments in research on PPR and the implementation of a vaccination schedule as a preventative measure.
Impacto económico de la peste de pequeños rumiantes en la India Resumen La peste de pequeños rumiantes (PPR) es una enfermedad del ganado que reviste importancia económica y afecta a un vasto segmento de la población de pequeños rumiantes de la India. Sin embargo, existen pocos datos sobre su incidencia y muy escasas referencias bibliográficas sobre las pérdidas económicas que ocasiona. Los autores describen un estudio encaminado a determinar las tasas de morbilidad y mortalidad por PPR a partir de un muestreo estructurado que abarcaba las principales regiones agroclimáticas del país. Las estimaciones existentes de las pérdidas económicas causadas en la India por diversas enfermedades del ganado están basadas en valores únicos de diversos parámetros epidemiológicos y económicos. Para estimar el impacto económico de la PPR se utilizó una modelización estocástica. A partir de la muestra se calculó que, en los pequeños rumiantes del país, los índices anuales de morbilidad y mortalidad totales por PPR se cifran en un 8% y un 3,45%, respectivamente. Los autores analizaron después las variaciones que exhiben esos índices por especie, grupo de edad, sexo, estación y región. La cuantía prevista de las pérdidas económicas anuales causadas por la PPR en el país oscila: de apenas 2 a 18 millones de dólares estadounidenses puede llegar hasta los 1 500 millones. El intervalo más probable de pérdidas económicas se sitúa entre 653 y 669 millones. El estudio demuestra pues que la incidencia de la PPR entre los pequeños rumiantes de la India provoca pérdidas de importante magnitud.
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